Yes-associated protein (YAP) and WW-containing transcription regulator 1 (WWTR1) are two functionally redundant transcriptional regulators that are downstream effectors of the Hippo signaling pathway, and that act as major regulators of cell growth and differentiation. To elucidate their role in Sertoli cells, primary Sertoli cell culture from Yap flox/flox ; Wwtr1 flox/flox animals were infected with a Cre recombinase-expressing adenovirus. Concomitant inactivation of Yap and Wwtr1 resulted in a decrease in the mRNA levels of the male sex differentiation genes Dhh, Dmrt1, Sox9, and Wt1, whereas those of genes involved in female differentiation (Wnt4, Rspo1, and Foxl2) were induced. SOX9, FOXL2, and WNT4 proteins were regulated in the same manner as their mRNAs in response to loss of YAP and WWTR1. To further characterize the role of YAP and WWTR1 in Sertoli cells, we generated a mouse model (Yap flox/flox ; Wwtr1 flox/flox ; Amh cre/+ ) in which Yap and Wwtr1 were conditionally deleted in Sertoli cells. An increase in the number of apoptotic cells was observed in the seminiferous tubules of 4 dpp mutant mice, leading to a reduction in testis weights and a decrease in the number of Sertoli cells in adult animals. Gene expression analyses of testes from 4 dpp Yap flox/flox ; Wwtr1 flox/flox ; Amh cre/+ mice showed that Sertoli cell differentiation is initially altered, as Dhh, Dmrt1, and Sox9 mRNA levels were downregulated, whereas Wnt4 mRNA levels were increased. However, expression of these genes was not changed in older animals. Together, these results suggest a novel role of the Hippo signaling pathway in the mechanisms of sex differentiation. 
Introduction
Hippo is an evolutionarily conserved signaling pathway with wellestablished roles in cell fate determination, differentiation, and proliferation during embryonic and postnatal development, as well as in tissue homeostasis throughout adulthood [1] [2] [3] . The canonical Hippo pathway consists of a kinase cascade that ultimately serves to regulate the functionally redundant transcriptional coregulators Yes-associated protein (YAP) and WW-containing transcription regulator 1 (WWTR1, also known as TAZ). In response to extracellular signals such as the establishment of cell-cell contacts, the mammalian STE20-like protein kinases 1 and 2 (MST1, MST2) are activated and phosphorylate the large tumor suppressor homolog kinases 1 and 2 (LATS1, LATS2), which in turn phosphorylate YAP and WWTR1. Upon phosphorylation, YAP and WWTR1 are either retained in the cytoplasm via their association with 14-3-3 proteins, or they are degraded by the cellular proteosomal machinery. When the Hippo signaling cascade is inactive, unphosphorylated YAP and WWTR1 accumulate in the nucleus and form complexes with transcription factors to regulate the transcription of genes involved in cell growth, survival, and proliferation [1] [2] [3] .
Very little is known about the role of Hippo signaling in the male reproductive system. Yap-and Lats2-null mice die in utero by 9.5 and 12.5 days postcoitum, respectively [4, 5] , and their functions in the testes have never been studied. Lats1-deficient male mice have decreased fertility, which was associated with a reduction in luteinizing hormone secretion [6] . Histopathological examination of the testes in these mice revealed no obvious structural abnormalities [6] . Wwtr1-null mice have reduced viability during postnatal development. Males that survive to adulthood are capable of mating but produce small litters [7] , although the cause of this reduced fertility has not been reported. In this study, we aimed to elucidate the physiological roles of the key effectors of Hippo signaling YAP and WWTR1 by inactivating their expression in the Sertoli cells in vitro and in vivo.
Material and methods

Ethics
All animal procedures were approved by the Comité d'Éthique de l'Utilisation des Animaux of the Université de Montréal (protocol numbers 14-Rech-1739 and 14-Rech-1743) and conformed to the International Guiding Principles for Biomedical Research Involving Animals as promulgated by the Society for the Study of Reproduction.
Histopathology and immunohistochemistry
Testes for light microscopy histopathologic analysis were weighed, fixed in Bouin's solution for 24 h, rinsed, and dehydrated in alcohol. Tissues were embedded in paraffin, sectioned, and stained with hematoxylin and eosin. Immunohistochemistry was done on 7 μm tissue sections using VectaStain Elite avidin-biotin complex method kits (Vector Laboratories) or the mouse on mouse elite peroxidase kit (Vector Laboratories) as directed by the manufacturer.
Sections were probed with primary antibodies against YAP (1:200, #4912, Cell Signaling), phospho-YAP (1:100 #13008, Cell Signaling), WWTR1 (1:800, #4883, Cell Signaling), DEAD (Asp-Glu-AlaAsp) box polypeptide 4 (DDX4) (1:200, AF2030, R&D Systems), SRY (sex-determining region Y)-box 9 (SOX9) (1:500, #82630, Cell Signaling), cytochrome P450, family 17, subfamily A, polypeptide 1 (CYP17A1) (1:300, #sc-46081, Santa cruz), cleaved caspase 3 (Asp175) (1:100, #9661, Cell Signaling) and bromodeoxyuridine (BrdU) (1:100, M0744, Dako corp). Staining was done using the 3,3 -diaminobenzidine peroxidase substrate kit (Vector Laboratories). Antibodies used for immunohistochemistry are listed in Supplementary Table S1 . analyses were done on tail biopsies by PCR as previously described for YAP [9] , WWTR1 [10] , or Cre recombinase (Jackson laboratory Cre generic protocols). Primers used for genotype analyses are listed in Supplementary Table S2 . PCR products were analyzed by electrophoresis using a 2% agarose gel containing ethidium bromide and photographed under UV illumination.
Sertoli cell culture and adenoviral infection
Reverse transcription-quantitative PCR (RT-qPCR)
Total RNA from cultured Sertoli cells, from testes and ovaries from 4 dpp animals and from testes from 120 dpp animals was extracted using the Total RNA Mini Kit (FroggaBio) according to the manufacturer's protocol. Total RNA (100 ng) was reverse transcribed using the SuperScriptVilo cDNA synthesis kit (Thermo Fisher scientific). Real-time PCR reactions were run on a CFX96 Touch instrument (Bio-Rad), using SsoAdvanced Universal SYBR Green PCR Master Mix (Bio-Rad). Each PCR reaction consisted of 7. 
Epididymal sperm counts
Sperm count analyses were done for 70 dpp animals as described in [11] . Briefly, cauda epididymides were placed in prewarmed (37 • C) minimum essential medium (MEM) media containing BSA (3 mg/ml), and epididymal ducts were opened to release their contents. The sperm suspension (500 μl) was pipetted into a tube containing 2 ml of PBS and placed in water bath for 1 min at 60 • C to halt sperm motility, and then cooled to room temperature. After gentle mixing, 10 μl of sperm suspension was loaded to each side of a hemocytometer and allowed 2 min for the spermatozoa to settle. Counting was done in duplicate and total sperm counts calculated according to guidelines described in [12] .
Bromodeoxyuridine incorporation assay
To evaluate proliferation, 4-day-old mice were injected intraperitoneally with BrdU (Sigma-Aldrich, 50 mg/kg body weight) and euthanized 4 h after the injection. The BrdU-labeled DNA was detected by immunohistochemistry as described above. BrdU-positive cell counting was performed by blinded observers. Tubules that appeared either round or nearly round in transverse sections were se- 
Statistical analyses
All statistical analyses were performed with Prism software version 6.0d (GraphPad Software Inc.). Student's t-test was used to determine effects of genotype in the data shown in all figures except for Figures 3A-C, for which two-way ANOVA was used to determine effects of time and genotype. All the data sets were subjected to the F test to determine the equality of variances prior to statistical testing. Means were considered significantly different when P < 0.05.
Results
Expression of yes-associated protein and WW-containing transcription regulator 1 in the mouse testis
In order to evaluate the expression pattern of YAP and WWTR1 in the testis, immunohistochemistry analyses were done on testes of immature (4 dpp) and young mature (70 dpp) mice. In testes of immature animals, both YAP and WWTR1 were strongly detected in the cytoplasm and the nucleus of Sertoli cells ( Figure 1A and B), as well as in the nucleus of the peritubular cells and in the cytoplasm and nucleus of some interstitial cells ( Figure 1A and B). YAP was also detected in prospermatogonia, but its expression seemed to be limited to the nucleoli in these cells ( Figure 1A ). Weak expression of WWTR1 was also detected in the cytoplasm and nucleus of some prospermatogonia ( Figure 1B ). The identity of the cells expressing YAP and WWTR1 was confirmed by comparing their expression patterns to those of the Sertoli cell marker SOX9 ( Figure 1C ), the germ cell marker DDX4 ( Figure 1D ), and the Leydig cell marker CYP17A1 ( Figure 1E ). In mature mice, YAP expression was strongly detected in the nucleus and the cytoplasm of the Sertoli cells and in the nucleus of the spermatogonia (Figure 2A and B). YAP was also detected in the Leydig cells and in endothelial cells (Figure 2A and B).
WWTR1 expression was absent or barely detectable in Sertoli cells of mature animals ( Figure 2C and D), but was expressed in the Leydig cells, endothelial cells, and in the perinuclear region of spermatocytes and round spermatids ( Figure 2C and D). The perinuclear pattern of WWTR1 expression was similar to that of the chromatoid body marker DDX4 ( Figure 2E and F), suggesting that WWTR1 localizes to the chromatoid bodies in spermatids. Immunohistochemistry for SOX9 ( Figure 2G ) and CYP17A1 ( Figure 2H ) were also done as markers for the Sertoli and Leydig cell populations. Together, these results indicate that YAP and WWTR1 could be involved in Sertoli cell proliferation and differentiation during postnatal development, and that YAP could also be of importance for Sertoli cell function in adulthood. Yes-associated protein and WW-containing transcription regulator 1 regulate Sertoli cell differentiation in vitro YAP has been shown to regulate the transcription of Sox9 [13] [14] [15] and Wilms tumor 1 (Wt1) [16] , two genes that play critical roles in the maturation of Sertoli cells [17, 18] , in nontesticular cell types. We therefore sought to determine if YAP and WWTR1 could affect Sertoli cell differentiation. To do this, we first isolated Sertoli cells from 4 dpp Yap flox/flox ; Wwtr1 flox/flox animals, an age at which we detected strong nuclear expression of YAP and WWTR1 (Figure 1 ). Sertoli cells were put in culture and infected for 24 h with adenoviruses to induce the expression of either Cre recombinase (Ad-Cre) or eGFP (Ad-eGFP, control). An ≈80% decrease in both Yap and Wwtr1 mRNA levels (Supplementary Figure S1A ) as well as a robust decrease in YAP (Supplementary Figure S1B ) and WWTR1 (Supplementary Figure S1C) protein levels was obtained in the cells treated with Ad-Cre. We then evaluated the mRNA levels of Sox9 and Wt1, along with the male differentiation-associated genes desert hedgehog (Dhh), doublesex and mab-3 related transcription factor 1 (Dmrt1), fibroblast growth factor 9 (Fgf9) and glutathione S-transferase, mu 6 (Gstm6) and the female differentiation-associated genes Foxl2, R-spondin homolog (Rspo1) and Wnt4. Dhh, Dmrt1, Sox9, and Wt1 mRNA levels decreased in the Ad-Cre treated cells, while the expression levels of the female markers Foxl2, Rspo1, and Wnt4 increased ( Figure 3A) . The expression of the SOX9 target genes Fgf9 and Gstm6 were unchanged despite decreased Sox9 expression, suggesting either that a reduction of ≈50% in its expression is not sufficient to affect the expression of these genes, or the occurrence of compensatory mechanisms. Immunoblot analyses of SOX9, FOXL2, and WNT4 expression following Ad-Cre treatment showed changes for each protein that mirrored those that occurred at the mRNA level (Figure 3B-D) . These results suggest that YAP and WWTR1 play a role in the differentiation of immature Sertoli cells.
To determine the relative contribution of YAP or WWTR1 loss to the Sertoli cell gene expression defects observed in Figure 3 Figure S2A) and the knockdown of Wwtr1 expression resulted in changes in Dmrt1, Sox9, Wt1, and Wnt4 (Supplementary Figure S2B) , in both cases the observed effects were generally more modest than when Yap and Wwtr1 were targeted concomitantly ( Figure 3A) . Yap and Wwtr1 are therefore functionally redundant in the Sertoli cells of immature mice, as neither is capable of fully compensating for the loss of the other.
CTNNB1 is not involved in the abnormal Sertoli cell differentiation caused by the deletion of Yap and Wwtr1 CTNNB1 (β-catenin) is a key effector of the canonical WNT signaling pathway, and is thought to be involved in the process of female sex determination [19] [20] [21] . Notably, the expression of a stabilized form of CTNNB1 in Sertoli cells was shown to induce an increase in Wnt4 levels and a decrease in Sox9 and Wt1 levels, leading to transdifferentiation [8] . As it was recently shown that YAP and WWTR1 can regulate canonical WNT signaling by promoting the degradation of CTNNB1 [22] , we sought to determine if the loss of YAP and WWTR1 affected the differentiation of the Sertoli cells through stabilization of CTNNB1. CTNNB1 expression was examined in Ad-Cre infected Yap flox/flox ; Wwtr1 flox/flox Sertoli cells by immunofluorescence and immunoblot. Unexpectedly, CTNNB1 expression was detected at the intercellular junctions, but was absent from the nucleus in both Ad-Cre-and Ad-eGFP-infected cells ( Figure 4A ), and its overall expression was significantly decreased by Ad-Cre treatment ( Figure 4B ). Likewise, the mRNA levels of the CTNNB1 target genes Axin2 and follistatin (Fst) were not increased by Ad-Cre treatment, and in fact Fst levels decreased significantly ( Figure 4C ). These results suggest that the changes observed in the expression of the sexdetermining genes following the loss of YAP/WWTR1 in Sertoli cells do not result from increased canonical WNT signaling. Figure S5A-D Figure 6A ) and a significant increase in Wnt4 mRNA levels ( Figure 6B ) were observed in the mutant testes relative to controls, but the expression of Fgf9, Gstm6, Wt1, Foxl2, Fst, and Rspo1 was not affected ( Figure 6A and B). Although Wnt4 mRNA levels increased in the testes of Yap flox/flox ; Wwtr1 flox/flox ; Amh cre/+ mice, its expression nonetheless remained very low relative to its expression in the ovaries of 4 dpp animals ( Figure 6B ). Sex-related gene expression levels were also evaluated in the testes of mature animals, but no differences were observed in the in mutant vs control groups ( Figure 6C ). Taken together, these results suggest that the effects of YAP and WWTR1 loss in vivo are transient and less pronounced than those observed in vitro, and do not result in phenotypic sex reversal. Figure S6 ) and in the diameter of the tubules ( Figure 7C ). However, no morphological defects of the seminiferous tubules were observed in the mutant animals (Supplementary Figure S7A and B), and no statistically significant differences were observed in the epididymal sperm numbers (Supplementary Figure S7C ) and sperm density (Supplementary Figure S7D) . Finally, the breeding performance of the Yap flox/flox ; Wwtr1 flox/flox ; Amh cre/+ males was also similar to that of controls in terms of pups/litter and numbers of litters produced over an 8-month period ( Table 1) .
Decreased testis weights and Sertoli cells numbers in
As Dhh expression was downregulated in the 4 dpp mutant animals, we sought to determine if an alteration in the function of the Leydig cells might have caused the decrease in testicular weight. Intratesticular testosterone levels in 70 dpp mutant animals were comparable to controls (Supplementary Figure S8A) , as were mRNA levels of the Leydig cells markers cytochrome P450, family 17, 
Discussion
In mammals, progenitors of Sertoli and granulosa cells are bipotential and are capable of adopting either the male or female fate [23] . When the Y-linked mammalian sex-determining factor (SRY) is expressed in the gonad, it activates SOX9 expression which initiates male differentiation [24] . In absence of SRY, SOX9 expression is not established and the RSPO1/WNT4/CTNNB1 signaling pathway and FOXL2 are activated and cooperate to induce ovarian development [25] . Inactivation of these genes leads to sex reversal [17, [26] [27] [28] [29] . Despite early commitment, sexual fate must be maintained throughout life, as deregulation of antagonistic factors SOX9/SOX8 vs RSPO1/WNT4/CTNNB1 and DMRT1 vs FOXL2 in postnatal Sertoli or granulosa cells leads to their transdifferentiation [8, [30] [31] [32] [33] . Here, we report for the first time that YAP and WWTR1 contribute to the differentiation of the Sertoli cells, identifying Hippo signaling as a novel pathway able to modulate the expression of sex-related genes.
The deletion of Yap and Wwtr1 in Sertoli cells in both our in vitro and in vivo models showed that YAP/WWTR1 is required for the proper expression of sex-determining genes. Findings in other systems suggested that the association of YAP/WWTR1 with the CTNNB1 destruction complex is required for the degradation of CTNNB1 [22, 34] , suggesting that YAP/WWTR1 loss could lead to increased expression of CTNNB1 in Sertoli cells. However, our preliminary investigation suggests that YAP/WWTR1-mediated destabilization of CTNNB1 is not a major mechanism of YAP/WWTR1 action in Sertoli cells. This result is in line with recent findings that Asterisks = Significantly different from control ( * * P < 0.01; * * * P < 0.001). demonstrate that YAP/WWTR1 and CTNNB1 are not necessarily codependent for their degradation [35] . Another mechanism by which YAP/WWTR1 could alter the expression of target genes is by binding transcription factors on their promoters and serving as transcriptional coregulators. Importantly, both Sox9 and Wt1 are known direct transcriptional targets of YAP in nongonadal cells. YAP is able to regulate the expression of Sox9 in a negative [14] or a positive [13, 15] manner according to cell type. For instance, a TEA domain family member (TEAD) transcription factor binding site in the Sox9 proximal promoter was shown to be necessary for YAP-mediated induction of Sox9 expression in HEK293 cells [13] , suggesting that YAP regulates Sox9 expression at the transcriptional level by binding to TEADs [13] . YAP and WWTR1 control epicardial cell fate by regulating Wt1 expression [16] , and YAP strongly activates Wt1 promoter activity in HEK293 cells, also via TEAD-binding sequences present in the first 2 kb of the Wt1 promoter [16] . Whether Hippo signaling regulates Sox9 and Wt1 in a similar fashion in Sertoli cells is certainly possible, but remains to be determined. Likewise, YAP and WWTR1 could also directly (or indirectly) suppress the transcription of genes involved in female sex differentiation, and their upregulation observed in the in vitro model may be the consequence of the loss of this suppression. Changes in the expression levels of sex-related genes were more pronounced in the in vitro model relative to the in vivo model. This could simply be due to greater efficiency of Cre-mediated recombination in vitro. We were not able to successfully double label for YAP may have a role throughout Leydig cell development. In germ cells, YAP was expressed in the spermatogonia in mature animals, whereas WWTR1 was expressed in prospermatogonia in immature animals and in spermatocytes, round spermatids, and elongating spermatids in mature animals, again suggesting different roles for YAP and WWTR1 in germ cell maturation. Interestingly, WWTR1 expression was detected in the perinuclear region of the germ cells in a pattern similar to that of DDX4 (VASA), suggesting that WWTR1 is a component of the chromatoid bodies [41] , which are highly specialized structures involved in RNA storage and in microRNA processing [42] . It has been shown that YAP and WWTR1 can regulate the chromatoid body component DICER1 [43, 44] , as well as Let7 [43] , a microRNA that also regulates Dicer1 levels [45] . The elucidation of the roles of YAP and WWTR1 in germ cell functions such as microRNA processing will require further studies. In summary, this study reports a novel role for Yap/Wwtr1 in Sertoli cell differentiation. In their absence, commitment of the Sertoli cells to the male pathway is compromised at the gene expression level, but not to an extent sufficient to cause transdifferentation or sex reversal. Additional studies will be required to elucidate the mechanisms of YAP and WWTR1 action in Sertoli cells, and to define the roles of Hippo signaling in Leydig and germ cells.
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